Ocean drilling has revealed that, although a minor mineral phase, native Cu ubiquitously occurs in the oceanic crust. Cu isotope systematics for native Cu from a set of occurrences from volcanic basement and sediment cover of the oceanic crust drilled at several sites in the Pacific, Atlantic and Indian oceans constrains the sources of Cu and processes that produced Cu 0 . We propose that both hydrothermally-released Cu and seawater were the sources of Cu at these sites. Phase stability diagrams suggest that Cu 0 precipitation is favored only under strictly anoxic, but not sulfidic conditions at circum-neutral pH even at low temperature. In the basaltic basement, dissolution of primary igneous and potentially hydrothermal Cu-sulfides leads to Cu 0 precipitation along veins.
Ocean drilling has revealed that, although a minor mineral phase, native Cu ubiquitously occurs in the oceanic crust. Cu isotope systematics for native Cu from a set of occurrences from volcanic basement and sediment cover of the oceanic crust drilled at several sites in the Pacific, Atlantic and Indian oceans constrains the sources of Cu and processes that produced Cu 0 . We propose that both hydrothermally-released Cu and seawater were the sources of Cu at these sites. Phase stability diagrams suggest that Cu 0 precipitation is favored only under strictly anoxic, but not sulfidic conditions at circum-neutral pH even at low temperature. In the basaltic basement, dissolution of primary igneous and potentially hydrothermal Cu-sulfides leads to Cu 0 precipitation along veins.
The restricted Cu-isotope variations (δ 
Introduction
Copper is amongst the elements which most commonly occur in zero-valence state in nature. As such, native Cu (Cu 0 ) deposits have long been one of the most important Cu resources (e.g., Wang et al., 2006; Cooper et al., 2008; Pinto et al., 2011) . In general, the large Cu 0 deposits are genetically related to either magmatic or hydrothermal Cu-sulfide deposits (Cornwall, 1956; Amstutz, 1977; Brown, 2006) and are often considered to form as products of their supergene alteration. Although our knowledge on Cu 0 mode of formation is based almost exclusively on occurrences from the continents where it occurs in a wide range of rocks, Cu 0 has been reported to occur in fragments of ancient oceanic crust (ophiolites) (Nagle et al., 1973; Abrajano and Pasteris, 1989; Bai et al., 2000; Miller et al., 2003; Ikehata et al., 2011) , in the igneous basement of the recent oceanic crust (von der Borch et al., 1974; Kennett et al., 1975; Ovenshine et al., 1975; Talwani et al., 1976; Roberts et al., 1984; Leinen et al., 1986; LeHuray, 1989; Puchelt et al., 1996) , in marine sediments (Berger and von Rad, 1972; Hollister et al., 1972; Zemmels et al., 1972; Jenkyns, 1976; Schlanger et al., 1976; Siesser, 1978; Knox, 1985; Marchig et al., 1986; Dekov et al., 1999) and in seafloor massive sulfides (Minniti and Bonavia, 1984; Hannington et al., 1988) . Almost all these works but two (Hannington et al., 1988; Dekov et al., 1999) are either brief reports of Cu 0 occurrences without any particular study of the mineral, or mere speculations on the native Cu origin. There is no systematic study on Cu 0 from the oceanic crust and, therefore, we know little about the Cu 0 formation in this setting. Recent development in mass spectrometry techniques has led to a tremendous growth of research on transitional metal isotopes such as Fe, Cu, Zn and Mo (Johnson et al., 2004; Anbar and Rouxel, 2007) . In their pioneering work on the natural variations of the Cu-isotopes potential of Cu-isotopes as new tracers for the study of modern and ancient hydrothermal systems and Cu deposits [skarn (Maher and Larson, 2007) , porphyry ) and supergene (Mathur et al., 2005) ]. In particular, it is hoped that Cu-isotopes may provide a powerful tool for getting insights into the source of Cu and the mechanisms of Cu 0 mineralization in the oceanic crust.
In this study we have investigated a set of native Cu occurrences from a range of basement rocks and sediments drilled at several Deep-Sea Drilling Project (DSDP) and Ocean Drilling Project (ODP) sites aiming at: (1) characterization of Cu 0 from the oceanic crust;
(2) determining the sources of Cu and the processes that produced Cu 0 with an ultimate goal to set a ground for further interpretations of the origin of native Cu deposits on land.
Geologic setting
We present brief lithologic-stratigraphic descriptions of the DSDP/ ODP cores (from top to bottom) where we have found Cu 0 particles, with more particular attention to the core units with native Cu findings. Details on lithology and stratigraphy of the investigated cores can be found elsewhere von der Borch et al., 1974; Bolli et al., 1978; Leinen et al., 1986; Eldholm et al., 1987) .
Site 105
The cored section at Site 105 (DSDP Leg 11) starts with silty hemipelagic clay (Q) overlying hemipelagic clay (Tertiary) ) and basalt (J 3 ) ( Fig. 1 ; Hollister et al., 1972) . A vein of tiny Cu 0 crystals occurs in the pale red, reddish-brown and greenish intercalations of clayey limestone~10 m above the basalt unit ( Fig. 1 ). This limestone is composed of calcite, clays, hematite and quartz and shows a variety of slump structures. The Cu 0 vein is bordered by palagonite and it also shows palagonite filling the interstices between Cu 0 crystals. The clayey limestone covers pyroclastics that are altered to montmorillonite. Below the pyroclastics recrystallized limestones (with high-Mg calcite) occur at the contact with the underlying basalt that is highly fractured (veins of calcite) and altered.
Site 216
Drilling at Site 216 (DSDP Leg 22) cored sediments composed of nannofossil ooze and chalk with foraminifera (Pg 3 3 -Q 1 ), nannofossil chalk (Pg 1 -Pg 3 3 ), glauconite-bearing micarb chalk and ash-bearing volcanic clay (K 2 ms ), and basalt (Fig. 1; von der Borch et al., 1974) . The recovered basement section is divided into four units (from top to bottom): (1) sediment-basement interface consisting of a chloriterich limestone mixed with volcanic debris; (2) thin flows (b l m thick) of medium dark gray vesicular and amygdaloidal basalts intercalated by chlorite-rich micritic limestone; (3) pale red oxidized scoriaceous basalt composed of aphanitic basaltic rocks passing gradually to a highly vesicular zone; (4) medium gray basalt containing few altered light olive gray zones enriched in opaques. The bottom of the drilled hole consists of alternating flows of highly vesicular basalt, amygdalar basalts, and patchy non-vesicular basalts.
The sediments overlying the igneous rocks at Site 216 were inferred to be deposited in a shallow-water environment. The basalts at this Site differ in composition, texture, and mineral paragenesis from typical mid-ocean ridge basalts (Bougault, 1974; Hekinian, 1974; Thompson et al., 1974) . Most of the clinopyroxene and plagioclase in them are fresh, and only a small amount of them is altered into chlorite (Hekinian, 1974) . However, there are light olive gray zones with a colorless pale-brown diopside-hedenbergite in a matrix of Feoxyhydroxides (Hekinian, 1974) . These highly altered basalts may be related to a shallow hydrothermal discharge zone with precipitation of Cu-sulfide in veins. Native copper occurs as vein filling in this localized hydrothermally altered zone.
Site 364
A thick sediment-rock sequence was drilled at Site 364 ( Fig. 1 ; Bolli et al., 1978) . It is supposed (Bolli et al., 1978) that the drilled sequence at this site covers evaporates. Within the drilled section two of the lithologic units contain carbonates or marly carbonates interbedded with black, finely laminated sapropels with up to 15% C org. and abundant pyrite. The native Cu occurrences are in the upper part of an oxidized sediment unit: dark yellowish-brown to olive marly nannofossil ooze at the top becoming yellowish-brown to gray pelagic clay towards the bottom. The overlaying sediment units are composed of dark olivegray to black calcareous mud, which contain up to 4% pyrite indicating reducing conditions.
Site 597
The drilled sequence at Site 597C (DSDP Leg 92) comprises zeolitic clay, clay bearing to clayey nannofossil ooze, ash layer, olivine-bearing aphyric basalt, olivine-free basalt, and olivine-bearing basalt ( Fig. 1 ; Leinen et al., 1986) . Native Cu particles and veins occur in the basalts. The basalt has undergone incipient to moderate alteration. According to Peterson et al. (1986) there are 3 secondary mineral assemblages in the altered basalts at this Site which formed in the following order: (1) trioctahedral chlorite and talc; (2) goethite and smectite; (3) calcite and celadonite. The sequential precipitation of these mineral assemblages denotes high water/rock ratios and time-varying conditions of temperature (early N200°C to late b30°C) and state of oxidation (early nonoxidative to late oxidative). The intensity of alteration decreases with depth, probably partly as a result of a decrease in vesicularity and fracture spacing (Leinen et al., 1986) . Oxidative lowtemperature seawater alteration is supposed to influence the upper portion (down to 120 m below seafloor) of the basaltic basement at Site 597C (Erzinger, 1986) , whereas the lowermost basement was affected by a non-oxidative hydrothermal alteration occurring at higher temperature (Nishitani, 1986) . , mud with volcanic ash (Pg 2 ), basalts, and andesites and basalts ( Fig. 1 ; Eldholm et al., 1987) . Native Cu occurs as disseminated blebs in groundmass and in veins in fine-grained, aphyric to phyric and vesicular gray basalt with subvertical fractures filled with smectite and calcite. It is supposed (Eldholm et al., 1987 ) that these igneous rocks were deposited under subaerial conditions. Throughout the igneous sequence there is a low-temperature suite of secondary minerals. Superimposed on this, there is a later, higher temperature overprint. Smectite, celadonite and calcite fill vesicles and fractures. This paragenesis may indicate a shift from nonoxygenated to oxygenated fluids. Early, low-temperature alteration of the lower series has been overprinted by later, higher temperature (100-130°C) effects.
Site 642

Material and methods
We applied in the Integrated Ocean Drilling Program (IODP) for sediment and rock samples from all the 12 DSDP/ODP cores we were aware of that had been reported to contain native Cu occurrences (Fig. 1) . Consequently, we were provided with 24 sediment and rock samples from 8 of those DSDP/ODP cores (Table 1) . Preliminary descriptions of the native Cu occurrences not provided for this study from those four DSDP/ODP Sites (Fig. 1) can be found elsewhere (Kennett et al., 1975; Roberts et al., 1984; Knox, 1985; Puchelt et al., 1996) .
All the sediment and rock samples were thoroughly investigated for metallic Cu particles using conventional stereo-microscope (Olympus SZ-ST). Although previously reported, we could not find any Cu 0 particles in the samples from 3 of the DSDP/ODP cores ( Fig. 1 ; Berger and von Rad, 1972; Jenkyns, 1976; Talwani et al., 1976) and therefore our study is based on samples from 5 cores. In total, we found and analyzed 26 single Cu 0 particles from 9 discrete samples after crushing them with stainless steel hammer ( 22-216-37-4 (114-117) ] was analyzed by X-ray diffraction (XRD) using a Philips PW1710 diffractometer (graphite-monochromatized Cu K α radiation, PW1830 generator, 40 kV, 40 mA, 42-95°2θ scan, 0.02°2θ step, 1s/step). Peak positions were determined with the X'Pert Graphics and Identify program. Concentrations of elements with Z ≥ 9 (F) were acquired on carboncoated polished sections of three Cu 0 specimens using a Cameca SX50 electron microprobe (EMP) (V = 20 kV, I = 12 nA, electron beam diameter of 2μm and native Cu standard). The compositions (on natural surface) of four Cu 0 particles were analyzed with Particle Induced X-ray Emission (PIXE) and Rutherford Backscattering Spectroscopy (RBS) using 3 MeV H + ions. The ion beam was focused to a rectangular area (~20 × 30 μm) on the particle's surface. PIXE was applied with the aim to obtain the average concentrations of the elements with Z ≥ 12 (Mg) and RBS has been used to obtain concentration depth profiles for the main elements. A Si(Li) detector (80 mm 2 ) was used to detect the X-rays emitted from the sample. The detector was placed outside the sample chamber for easy exchange of absorbers, but necessitating two Be windows with a total thickness of 150 μm and a 6 mm air layer. An additional 100 μm thick Mylar absorber was used for the PIXE measurements of one sample only [22-216-37-4 (114-117) ] whereas the other samples were measured without this absorber. An annular particle detector with a solid angle of about 18 msr was used to detect the backscattered ions. The PIXE spectra were fitted using the program GupixWin (Campbell et al., 2000) and the RBS spectra using the program NDF (Barradas et al., 1997 ) was used to obtain depth profile of H for one Cu 0 specimen [22-216-37-4 (114-117) ].
Copper isotope analyses of native Cu separates and bulk rocks followed previously published methods. The samples were purified by a two stage anion exchange chromatography column using a procedure modified from that of Maréchal et al. (1999) , Chapman et al. (2006) , Borrok et al. (2007) . After a complete digestion step in concentrated HF-HNO 3 and HCl-HNO 3 mixture, bulk rock and Cu 0 samples were dissolved in 2 mL of 6 mol/L distilled HCl in a closed beaker on a hot plate. A precise volume of this solution was then purified using anion exchange chromatography in an HCl medium (distilled grade). A 5 mL column was loaded with 1.8 mL Bio-Rad AG1-X8 anion resin 200-400 mesh (chloride form) which was acid cleaned with 10 mL of 2 mol/L HNO 3 , 10 mL of ultrapure water and 10 mL of 0.24 mol/L HCl and finally conditioned with 5mL of 6 mol/L HCl. Under these conditions, Cu (along with Fe) was adsorbed onto the anionic resin while the sample matrix was eluted using 5mL of 6mol/L HCl. Cu was then eluted (and separated from Fe) with 50 mL of 6 mol/L HCl, collected in a PTFE vial and evaporated to dryness. The residue was re-dissolved in 2-3 mL of 0.28 mol/L HNO 3 and then further diluted to form a 0.1 to 0.5 ppm Cu solution ready for isotope analysis. For basalt analysis, this purification step was repeated once as it was found that trace matrix elements and Fe remained in the first Cu fraction. Cu were carried out on a Thermo-Neptune MC-ICP-MS operating at low resolution. The samples were introduced into the plasma using a double spray quartz spray chamber system (cyclonic and double pass) and a microconcentric PFA nebulizer operating at a flow rate of about 60 μL min −1
. Instrumental mass bias was corrected for using Zn isotopes as an internal standard and involves simultaneous measurement of a Zn standard solution (SRM 3168a Standard Solution). Also a standard bracketing approach, which normalizes the Cu isotope ratio to the average measured composition of a standard (SRM 976) was carried out before and after each sample. Standard deviation values (1SD) were calculated according to the number of duplicates (N) executed and reported for each sample. Two internal standards, Spex solution and USGS basalt BHVO-2, were processed through the entire chemical procedure and gave δ 65 Cu values of 0.02 ± 0.06‰ and 0.07 ± 0.06‰ (2SD), respectively. Purified Spex solution was observed to be indistinguishable from the pure unprocessed solution, whereas basalt BHVO-2 values were similar to values reported elsewhere (Moynier et al., 2010; Moeller et al., 2012) . Following the same procedures we analyzed four additional ODP samples (two altered basalts, one deep-sea clay, one Mn-rich chert; Rouxel et al., 2003) for comparison.
We modeled Eh-pH Cu-phase diagrams using the Geochemist's Workbench 8.0 software based on the "thermo_minteq" database. Physical and chemical parameters used in our calculations are discussed in Section 5.
Results
The investigated native Cu particles were recovered from two different types of host rocks: sedimentary and igneous. The Cu 0 occurs as veinlets and small flakes scattered in the sedimentary rocks (Holes 105, 364). Cu 0 fills vesicles and branching cracks in the igneous basement rocks (Holes 216, 597C, 642E), which upon gentle opening reveal larger (up to c. 10 mm) thin Cu 0 leaves ( Fig. 2A ). Native Cu particles ( Fig. 2B ) scattered in the basalts and veins ( Fig. 2C ) crossing the basalts and sediments are composed of euhedral to subhedral crystals. The most common crystal forms are octahedrons ( Fig. 2D ) and cubes, which although often being very strongly distorted are recognizable on the surface of the Cu 0 leaves (Fig. 2E ). The grains display very high metallic luster on freshly cut surfaces (Fig. 2B, C) . The surface color is a brilliant deep rose-white (Fig. 2B, C) , which darkens to "copper-red" and later to red-brown ( Fig. 2A) (Ramdohr, 1980 Table 2 ) might be due to analysis of fine silicate particles adhered to the Cu 0 surface, whereas the traces of As and Mn might reflect presence of these elements in the surface coating. RBS depth profiles at the natural surfaces of two native Cu grains (Fig. 4A, B) show that this surface film (presumably alteration) has a thickness of 11-16 μm and a complex structure. It can be divided into 2 sub-layers: upper (surficial) and lower (internal). In the upper sub-layer (1-6 μm) O has the highest concentration whereas Cu and Cl have equal content (Fig. 4A, B ). In the lower sub-layer (2-7 μm) Cu is the most abundant followed by O and Cl (Fig. 4A, B) . The transitions upper/lower sub-layers and lower sub-layer/pure Cu 0 mark gradual Cu increase, and O and Cl decrease (Fig. 4A, B) . At the base of the lower sub-layer of one of the Cu 0 particles just above the transition to pure Cu 0 there is a Cu-O sub-sublayer (2μm) (Fig. 4A) . The NRA depth profile of H for one of these Cu 0 particles
shows decrease of H content with increasing depth in the surface film: at 0.5 μm, 23.5 at.% H; at 1.0 μm, 16.8 at.% H. The Cu isotope compositions of the two types of native Cu occurrences (sedimentary rock-hosted and igneous rock-hosted) show different trends (Table 3) -342-8-2 (120-122) Small vesicles with native Cu in phyric basalt 38-342-8-3 (95-97) Small vesicles with native Cu in phyric basalt 38-342-8-4 (136-141) Small (Table 3) .
Discussion
The studied native Cu occurrences are hosted in two types of rocks: igneous and sedimentary. These two different geologic associations imply different mechanisms of native Cu formation and possibly different Cu sources. In general, Cu 0 occurs in a wide variety of environments (basic and ultrabasic igneous rocks, sedimentary rocks and sulfide ores) and obviously forms via a range of processes (Cornwall, 1956) , which explains the number of genetic models proposed for any particular native Cu deposit.
Cu isotope systematic and native Cu formation in volcanic basement
5.1.1. Primary magmatic origin Based on theoretical considerations and experimental studies, it has already been suggested that native Cu in basalt may have a primary magmatic origin (Hofmeister and Rossman, 1985; Cabral and Beaudoin, 2007 Cu values close to that of the host basalt (~0.0‰, Table 3 ).
Secondary formation through low-temperature in situ alteration of Cu-sulfides
In seafloor basalts, the primary (magmatic) Cu-mineral is chalcopyrite (Gitlin, 1985) . In addition, hydrothermal fluid circulation at mid-oceanic ridges leads to alteration of the basement rocks with precipitation of Cu-sulfides as disseminated mineralization in veins (Dill et al., 1992; Alt, 1995; Teagle and Alt, 2004; Sharkov et al., 2007) . Although no evidences of both magmatic and hydrothermal Cu-sulfides could be identified throughout the basement section where we studied native Cu, some sections (e.g., of Site 216) clearly show evidence for hydrothermal alteration. Therefore, we cannot theoretically rule out the possibility that native Cu has formed as secondary product of in situ chalcopyrite alteration.
Supergene alteration of the chalcopyrite (Cu 
This reaction goes towards chalcopyrite dissolution as Eh increases and pH decreases. Released Cu + may further be reduced to Cu 0 by the action of ferric sulfate:
Although Cu-isotope fractionation factors for Reaction 2 are not known from experimental studies, it has generally been considered that native Cu formation through this process may lead to significant Cu-isotope fractionation (Larson et al., 2003; Ikehata et al., 2011) . The direction of Cu-isotope fractionation, however, is unclear. Larson et al. (2003) Cu values for secondary native Cu. In addition, Cu-isotope fractionation may also proceed during the leaching of Cu-sulfides (Reaction 1), with a preferential release of heavier Cu-isotope (Rouxel et al., 2004; Kimball et al., 2009 
Direct precipitation during low-temperature ridge flank fluid circulation
In addition to the main primary Cu-mineral in seafloor basalts (chalcopyrite) Cu also occurs as trace element in primary magmatic Fe-sulfides and silicates (e.g., olivine, basaltic glass) in the basement rocks. Seafloor weathering of basaltic glass (palagonitization) results in~25% depletion of Cu relative to the unaltered glass (Ailin-Pyzik and Sommer, 1981) . This suggests that low-temperature alteration of the basaltic glass by seawater may be a source of Cu to the resultant fluid. Therefore, the dissolution of primary minerals (sulfides, olivine) and volcanic glass during basalt alteration by seawater might be considered as a principal process supplying Cu to the mineralizing fluid. Low-temperature seawater-basalt interaction leads to pervasive oxidation of primary magmatic sulfides (chalcopyrite, pyrrhotite) and breakdown of primary igneous silicates with formation of secondary oxyhydroxides, sulfates and clays (Alt, 1995; Bach and Edwards, 2003) . Low-temperature oceanic basement alteration is a ubiquitous process that occurs at vast areas at mid-ocean ridge (MOR) flanks (affects N 1/3 of the seafloor), where convection of seawater in the crust persists for several tens of millions of years . In order to determine whether low-temperature seawaterbasalt interactions may lead to the formation of native Cu in the oceanic basement, we modeled Eh-pH phase diagrams using the compositional parameters of fluids encountered at mid-ocean ridge flank setting. Based on the investigation of the pore fluids extracted from the sediment above the oceanic basement and diffuse vent fluids at the seafloor and inferred the chemical composition of the basement fluids (formation waters) and chemical fluxes during basement alteration. These fluids are of two types: "cool" (20-25°C) and "warm" (60-65°C) (Wheat et al., 2003) with Cu concentrations of 2 and 0.2 nmol/L, respectively. These contents are lower than that of the deep seawater (5.6 nmol/L) entering the crust and imply that the oceanic crust acts as a sink for Cu from the seawater. In fact the model of Wheat et al. (2002; presents data from the beginning (seawater) and end (vent fluid) of the circulation cell. In the absence of data for the circulation cell between these two end points, we suppose that a complex scenario forms the basement fluid composition. Therefore, we may speculate that low-temperature alteration of the oceanic crust supplies Cu to the basement fluids through breakdown of Cu-containing minerals. Copper leached from the crust dominates over seawater Cu in the Cu budget of the basement fluids. During basement fluid circulation major part of dissolved Cu (leached + seawater Cu) reprecipitates in the crust and does not enter the ocean with the "cool" and "warm" vent fluids.
Our initial calculations showed that in the temperature range of 20-65°C the stability fields of different Cu species do not change significantly. Therefore, we report the Eh-pH diagrams at 60°C (Fig. 5 ). ) were calculated from their concentrations in the basement fluids reported by Wheat et al. (2010) . Since the effect of pressure on the calculations in the relevant range of shallow burial is negligible, all calculations were made under standard state pressure of 1 atm.
The stability fields of Cu-and Fe-sulfides at low-temperature (20-65°C) in the oceanic basement (Fig. 5A, B) are controlled by the activity of H 2 S or HS − (Fig. 5C ). Cu 0 is stable under low Eh and high pH conditions when H 2 S and/or Fe are absent (Eh b −0.25 V; pH N 5; Fig. 5A , D, E) and practically cannot exist in the system Fe-Cu-S. In anoxic basalt-dominated systems absence of Fe 2+ in solution is unlikely, but not the absence of H 2 S. Such conditions may prevail during low-temperature basalt alteration where the dissolution of olivine and volcanic glass at low water/rock ratios generate Fe 2+ in solution without thermogenic seawater sulfate reduction (Seyfried and Bischoff, 1979) . Fig. 5E is calculated for such a system. It is important Table 2 . Table 3 Cu-isotope composition of native Cu occurrences, their host rocks and some reference materials.
Sample to note that every increase in a [Cu] or a decrease of a [Cl] will expand the stability field of the Cu 0 . When H 2 S is present (Fig. 5A ) and assuming H 2 S/SO 4 equilibrium conditions, Cu-sulfide minerals become more dominant in the low Eh range and the stability field of Cu 0 shrinks to relatively basic (pH N 9) conditions, or completely disappears when Fe 2+ is present in solution (Fig. 5B) . Since the stability field of the Cu 0 overlaps with the stability field of Cu + species, it is assumed that Cu 0 is precipitated directly from Cu + species in such reaction:
Copper isotope fractionation factors for such a reaction are not known (Fujii et al., 2013) . Because reduction of metals typically produces negative fractionations (Ellis et al., 2002; Ehrlich et al., 2004; Tossell, 2005) , similar fractionation trend could be expected for the process of Cu 0 precipitation from Cu + -bearing solution (Reaction 3).
Basalts and Cu 0 from Sites 216 and 597C show δ
65
Cu values of 0.30 and 0.07‰, and 0.14-0.19 and 0.02‰, respectively (Table 3) . The fact that all basalt samples fall within the igneous rocks δ 65 Cu range [~0‰ (Zhu et al., 2000; Larson et al., 2003; Mason et al., 2005; Mathur et al., 2005; Asael et al., 2007; Moynier et al., 2010; Moeller et al., 2012)] shows that no significant processes of Cu-isotope fractionation occurred in them during and after the formation of the Cu 0 , probably due to the fact that bulk Cu concentration in the rocks is not greatly affected by alteration processes. Cu-isotope composition of altered basalts from ODP Sites 801 and 1149 (Table 3 ) also confirm the lack of Cu-isotope fractionation during seafloor weathering.
At Site 216, the host basalt is anomalously enriched in Cu ([Cu] N 2000 ppm), but this enrichment is probably due to disseminated Cu 0 grains within the rock groundmass. The fact that significant quantity of Cu is found enriched in veins and even in bulk rock suggests that Cu should have been mobilized from large volume of volcanic rock before being concentrated locally. This requires considerable migration of Cu-bearing solutions together with an efficient trapping mechanism. In the altered oceanic crust, the buffered pH conditions due to seawater/rock reactions, low Eh due to Fe 2+ release from the basalt and absence of sulfate reduction would result in conditions suitable for Cu 0 precipitation (Fig. 5) . Cu-bearing solutions within the oceanic crust are likely to form during low-temperature alteration of basement rocks through interaction with seawater and breakdown of Cucontaining minerals. Although Wheat et al. (2002; suggested that oceanic crust alteration via interaction with seawater may provide a net sink of seawater Cu, our Cu-isotope data for native Cu argue against a seawater origin of Cu, since (1) δ
Cu seawater = +0.8 to + 1.5‰ (Vance et al., 2008; Takano et al., 2013; Thompson et al., 2013) and (2) reduction of Cu 2+ , which is the main redox Cu species in seawater, to Cu + and ultimately to Cu 0 would produce large range of Cu-isotope composition depending on the extent of reduction (Ehrlich et al., 2004; Mathur et al., 2005) . Hence, the limited Cuisotope fractionation found in basalt-hosted Cu 0 has likely resulted from the transport of Cu mainly as Cu + species. It also suggests limited Cu-isotope fractionation during Cu leaching from the basement rocks (e.g., glass, sulfides and silicates). precipitation in veins has resulted from autocatalytic reaction or at specific redox front within the rock under low Eh condition and where H 2 S is absent or very low.
Isotope constraints of Cu source and native Cu formation in marine sediments
Sedimentary rocks hosting native Cu at Sites 105 (clayey reddishbrown limestone) and 364 (yellowish brown pelagic clay) have slightly negative δ
65
Cu values (−0.06 and −0.19‰, respectively) that differ from that of the average deep-sea clays (0.01‰) (Table 3) . However, the Cu 0 occurrences in them show heavier Cu-isotope composition:
0.41-0.49‰ and 0.95‰, respectively. At Site 105, native Cu is located within well lithified red clayey limestones~10 m above the basement. The red color of the host rocks is due to hematite staining that may have been derived from Fe-oxyhydroxides syngenetically precipitated from seawater as a result of hydrothermal input. Hence, the Cu source in these sedimentary rocks might be related to seafloor hydrothermal activity such as plume fallout containing Cu-sulfides [chalcopyrite, cubanite, covellite; Mottl and McConachy (1990) ].
At Site 364, native Cu is located within a thick sediment layer of marly ooze and pelagic clay,~3000 m above the sediment/basement interface. Although the ultimate Cu source is unclear, Cu enrichment is likely authigenic: either through direct Cu precipitation from seawater (co-precipitation with Fe-Mn-oxyhydroxides or adsorbed on them; i.e., hydrogenetic), oxidation of organic matter, or eventually from hydrothermal plume fallout (Cu-sulfides or Cu 2+ scavenged from seawater by Fe-oxyhydroxides). The lack of Mn and Ni enrichment associated with Cu 0 occurrence requires specific diagenetic reactions that would explain both the precipitation of Cu 0 and lack of other metal enrichments that are typical of hydrogeneous precipitates.
It is important to note that seawater shows positive δ
Cu values: 0.8-1.5‰ (Bermin et al., 2006; Vance et al., 2008; Takano et al., 2013; Thompson et al., 2013) . Hydrogeneous Mn-Fe-oxyhydroxide nodules are also characterized by positive δ
Cu values: 0.1-0.6‰ (Albarède, 2004) . In addition, experimental studies of Cu 2+ adsorption onto amorphous Fe
3+
-oxyhydroxides suggest an enrichment of heavy Cu isotope in the solid phase (Balistrieri et al., 2008; Pokrovsky et al., 2008 products, but might also be minerals precipitated contemporarily or after the Cu 0 formation. Although the composition of the surface film of Cu 0 particles (PIXE data) does not match precisely the composition of any mineral phase, these data along with the RBS and NRA depth profiles suggest that the surface alteration film is composed of phases very close to atacamite and paratacamite. This sounds reasonable in view of stability and mode of formation of these minerals at seafloor conditions (Hannington, 1993) . The complex structure of this surface film (composed of sub-layers of different composition) implies that the alteration of native Cu at seafloor conditions is a process dependant on the kinetics of reactions of Cu 0 with pore fluid O 2 and Cl − . The composition of the surface film sub-layers suggests an evolution of the alteration phase from oxygen-dominated copper oxy-chloride (surficial sub-layer) towards atacamite/paratacamite-like phase (internal sub-layer). (Rouxel et al., 2004; Mathur et al., 2005; Asael et al., 2007 
Comparison with economic-size native Cu deposits
Native Cu deposits are amongst the most important Cu resources (e.g., Wang et al., 2006; Cooper et al., 2008; Pinto et al., 2011) . Generally, they are interpreted to be genetically related to the associated magmatic rocks despite the low Cu concentrations in magmatic systems (Cornwall, 1956; Amstutz, 1977) . A major question that remains debatable is the mechanism that effectively mobilizes Cu from a Cupoor matrix and eventually concentrates it in economic grades. Therefore, it is not surprising that a number of scenarios have been proposed for the origin of native Cu deposits (e.g., Cornwall, 1956; Brown, 2006) . A general issue of all the genetic models is that a detailed investigation of the mechanisms of Cu mobilization, concentration and deposition is limited because once the Cu-deposit has formed pre-ore host-rock Cu contents and concentration mechanisms are no longer accessible. Later processes additionally obscure the situation and complicate the deciphering of the original conditions. Therefore, Cu 0 occurrences disseminated in the oceanic crust present an opportunity to investigate Cu-isotope signatures of native Cu in a pre-ore setting and to eventually use them in further genetic models of native Cu deposits.
In this context it would be interesting to compare the Cu-isotope composition of Cu 0 from the oceanic crust with that of Cu 0 from the native Cu deposits. Copper isotope composition of native Cu occurrences from continental ore deposits (Table 4) 
Conclusions
Precipitation of native Cu is a minor yet ubiquitous process in the sedimentary and igneous sections of the oceanic crust. Using Cu isotope -species that underwent redox processes during the diagenesis leading to precipitation of Cu 0 with larger Cu-isotope fractionation.
Cu 0 formation in the basaltic basement is related to seawater-rock interaction at ridge flank setting that results in low-temperature (20°-65°C) hydrothermal activity (Fig. 6 ). Following the model by Wheat et al. (2002) we presume that cold and oxic seawater enters the crust at MOR crest, alters (warms and becomes anoxic) during its flow within the crust and vents out the seafloor (at discharge zones). Evidences suggest that the basement fluid may progressively loose only a small fraction of SO 4 2− as a result of diffusive exchange with the overlying anoxic and organic-rich sediment (cf. Elderfield et al., 1999) or microbial sulfate reduction (Rouxel et al., 2008; Ono et al., 2012 ; (3) is the oceanic crust sink or source of Cu for the overlaying ocean, or it has a dual function (sink and source); (4) can the insights gained might be extrapolated to other metals, which show similar geochemical behavior: e.g., Zn and its rare occurrence as native Zn (Clark and Sillitoe, 1970) ? Fig. 6 . Different Cu-isotope pools at the seafloor and model diagram of Cu 0 precipitation in the oceanic basement as a result of low-temperature hydrothermal activity. Conception for lowtemperature ("cool" and "warm") hydrothermal systems is after Wheat et al. (2002) . Cold and oxic seawater enters basement at the MOR crest, alters (warms and becomes anoxic) during its flow within the crust and vents out the discharge zones. Favorable conditions for Cu 0 precipitation (Fig. 5D ) are attained in the anoxic and H 2 S-deficient domains achieved due to the very limited SO 4 2− reduction extent in the volcanic basement (Ono et al., 2012) , or diffusing exchange of SO 4 2− (i.e., net loss) with the overlying organic-rich sediment (Elderfield et al., 1999) . In addition to the low background Cu flux with lithogenic matter the sediment blanket obtains hydrogenous (adsorbed from seawater on hydrogenous Mn-Fe-oxyhydroxides) and hydrothermal (hydrothermal plume fallout) Cu that might eventually be diagenetically remobilized and reprecipitated as Cu 0 .
